quate for the concave surface data, but a method of obtaining correlations for these surfaces was suggested by considering the inner critical region of the boundary layer alone. 
NOMENCLATURE

INTRODUCTION
The accurate prediction of boundary layer transition on the concave pressure surfaces of turbine blades is paramount in heat transfer calculations, because of the large change in skin friction coefficient which occurs during transition. Such predictions are typically made using correlations derived from data obtained on flat plates (e.g. Abu-Ghannam and Shaw (1980) ). However, the presence of Taylor Gortler vortices on a concave surface leads to major changes in the boundary layer. The vortices, which appear to adopt fixed spanwise locations on blades of modest curvature, transfer fluid from the free stream into the boundary layer at 'roll down' and vice versa at 'roll up' (see Figure 1) . Shigemi, Johnson and Gibbings [1987] showed how even the gentle curvatures of a compressor blade could lead to 2:1 ratios across the span in the boundary layer thickness between roll up and roll down. The momentum transfer into the boundary layer at 'roll-down' was also sufficient to ■ prevent any further growth in the boundary layer thickness at this location beyond x/c = 0.5. Shigemi et al did not observe any significant distortion of their boundary layer profiles due to curvature. However, this is not the case for boundary layers on the more strongly curved concave surfaces studied by Sabzvari and Crane [1985] . Here, the profiles were found to be highly distorted by the Taylor Gortler vortices, however, the ratio of boundary layer thicknesses between roll up and roll down did not increase much above the 2:1 ratio found by Shigemi et al.
On more strongly concave surfaces, the Gortler vortices start to meander until on blades where the Gortler Number (G e = Re. (e/R) 1/^) exceeds about 15 to 20, any spanwise variations in boundary layer parameters can no longer be detected. This meandering motion of Gortler vortices has been studied extensively by Aihara [1979] .
Several studies of transition on modest concave surfaces have been made. Liepmann [1943] obtained results for a low free stream turbulence level of 0.06% and clearly showed how transition was promoted by the Gortler vortices.
Similar results were later obtained by Tani and Aihara [1969] .
However, the results of Shigemi et al [19871 suggest that transition is only promoted at low free stream turbulence levels below about 2% and at higher levels the flat plate prediction of Abu-Ghannam and Shaw [1980] is acceptable. All the above work is restricted to Gortler numbers of about 10 where the distortion of the boundary layer profiles is not too severe and the vortices adopt fairly stable locations.
Transition data on strongly concave surfaces is fairly sparse in the literature. Crane and Sabzvari [1988] discuss the difficulties arising in isolating the effects of Gortler vortices and those of transition on such surfaces. The vortices lead to a rapid increase in the skin friction coefficient, which can be mistaken for that occurring during transition. Clearly, therefore, reliable turbulent intermittency measurements are required if transition is to be detected correctly on strongly concave surfaces.
EXPERIMENTAL RIG
The current measurements were performed on the concave surfaces of two constant curvature 0.61 metre span blades. Dimensions are given in Table 1 The blades were placed in a curved duct of 0.61 m by 1.22 m cross section attached to the outlet of a blower wind tunnel. A flexible plastic side wall opposite the blade was adjusted to obtain a uniform pressure distribution from pressure tappings along the blades surface. The natural free stream turbulence level in the tunnel was 0.7%, which produced a level of around 0.5% local to the blade. Additional turbulence grids produced turbulence levels of 2.6% and 7.2% (1.7% and 4.2% local values).
FLOW VISUALISATION
Surface flow visualisation using paraffin on the R(1) blade at T = 2.6% showed the regular spacing, of approximately 25 mm, of the Taylor Gortler vortices. Smoke visualisation was also achieved by introducing a rake of tubes at the blade leading edge. Once sufficient smoke had been introduced into the boundary layer the rake was removed. After a few seconds, the smoke was swept away from the roll down locations, but remained at the roll up positions (see Figure 2) . These vortices appeared to hold their locations best on the R(1) blade with the T = 2.6% grid, which had a spacing equal to that of the vortices. However, vortices were observed with the same 25 mm spacing at both -r = 0.7% and T = 7.2% on the R(1) blade, however the vortices tended to meander across the span. No regular spacing of vortices could be observed on the R(O.5) blade.
FIG. 2 FLOW VISUALISATION OF GORTLER VORTICES ON THE
R(1) BLADE. r = 2.6%
HOT WIRE MEASUREMENTS A Dantec 56C01 hot wire anemometer fitted with a boundary layer probe was used for the measurements. The probe was modified as suggested by Gibbings [1988] for skin friction measurements. This meant that a reliable datum for probe position was obtained by resting the probe on the blade surface at the start of a traverse. The traditional method of obtaining start and end of transition profiles is to run the wind tunnel at constant speed and to traverse the boundary layer at different chordwise blade locations. A simpler technique, adopted here and used successfully by, for example Abu-Ghannam and Shaw [1980] , is to keep the measurement probe at a fixed position and to vary the speed of the tunnel. The two techniques would give identical results if transition were to depend only on local boundary layer parameters. However, the 'history' of the boundary layer, in particular the development of the Tollmien Schlichting waves, does affect transition and so identical results will only be obtained providing the pressure gradient and free stream turbulence level do not vary significantly over the transition region. Boundary layer traverses at the start and end of transition were made at up to 14 stations on the R(1) blade and 8 stations on the R(O.5) blade at each free stream turbulence level. A spanwise traverse (e.g. Figure 3 ) was performed close to the blade at each station in order to locate the roll up and roll down positions. A typical variation of intermittency with tunnel speed is shown in Figure 5 . It can be seen that the exact velocities at which the intermittency first diverges from zero and first achieves unity are difficult to determine accurately. For this reason, the start and end of transition are defined using tangents to the intermittency curve as shown in the Figure. 
DETERMINATION OF START AND END OF TRANSITION
The turbulent intermittency of the flow was measured using the hot wire probe resting on the blade surface. The resultant signal from the hot wire anemometer was linearized and the Tollmien Schlichting frequency, which was in the range 10 -30 Hz, removed with a high pass filter. A low pass filter was also employed to reduce any high frequency noise associated with the circuitry. The signal was then digitised using an analogue -to -digital converter (sampling at 20 kHz) and the data stored in the memory of a microcomputer. The intermittency was determined using the technique developed by Shaw et al [19851. This method is essentially a windowing technique where the signal is regarded as turbulent when it is outside the window and laminar when it is inside. Allowance is made however for the fact that a turbulent signal will pass through the window between peaks (see Figure 4 ) and the turbulent signal is therefore permitted to remain in the window for up to 200 usecs. Shaw made extensive comparisons of his method with the Amplitude Probability Analysis technique and found that his method gave more reliable results particularly at low intermittencies.
FIG. 4 WINDOWING OF AN INTERMITTENT TURBULENT SIGNAL FIG. 5 VARIATION OF TURBULENT INTERMITTENCY WITH TUNNEL SPEED BOUNDARY LAYER INTEGRAL PARAMETERS
The boundary layer on a concave surface is subjected to a normal pressure gradient, 3p p u 2 = (1) 8r r and therefore in the free stream, where the total pressure is constant, the velocity is given by ur = constant. In a typical boundary layer traverse ( Figure 6 ) the edge of the boundary layer is located at the point where the traverse data meets the ur = constant line. In order to implement the traditional definitions of boundary layer displacement and momentum thicknesses in the current work, a 'flat plate equivalent' boundary layer profile is derived from the measured values. Consider allowing the measured boundary layer to travel, with no further viscous dissipation, from the concave surface on to a flat plate, the normal pressure gradient will be relieved and the integral parameters may be calculated for this 'equivalent' boundary layer.
The normal pressure gradient Equation (1) and the Bernoulli and continuity equations, give
The 'flat plate equivalent' profile (y', u') can therefore be calculated by numerical integration of these equations from the wall. Figure 6 shows the 'flat plate equivalent' profile, for the boundary layer profile considered. 
DISCUSSION
The flow visualisation results showed how the Taylor Gortler vortices originate close to the leading edge and increase in strength along the length of the blade. It should therefore be expected that the distortion of the boundary layer profiles will also increase with distance along the blade. Figure 7 shows this effect in terms of the shape factor H against non-dimensional distance x/R, for both the R(O.5) and R(1) blades. For some x/R locations more than one result was taken and therefore the multiple points in the Figures given an indication of the measurement uncertainty. This shows how the profile distorts from the Blasius flat plate profile to one with a shape factor typical of a turbulent boundary layer for x/R greater than about 1. Another interesting feature of the figure is that the roll up and roll down profiles differ most at x/R = 0.4 and become less distinguishable as x/R increases. This is shown more clearly by considering the ratio of R e 's at roll up and roll down in Figure 8 . It might be expected that this ratio would increase with the strength of the vortices. However, it appears that a ratio of approximately 2:1 is the maximum achievable and any further increase in vortex strength causes spanwise momentum transfer, which mixes out differences between the roll up and roll down locations. The Gortler vortices will then have no fixed position and will tend to meander across the span. This phenomena has also been observed by Crane and Sabzvari [1987] and appears to occur when the Gortler number G e reaches a value of between 10 and 15. 
FIG. 7 VARIATION IN SHAPE FACTOR H WITH NON-DIMENSIONAL DISTANCE ALONG THE BLADE
The profile distortion associated with the Taylor Gortler vortices also leads to a large increase in the skin friction coefficient. This is shown in Figure 9 where the C f value, measured using the proximity probe due to Gibbings [1988] , is compared with that for a Blasius profile with the same Re e . The plot shows some experimental scatter due to the difficulty in measuring C f to a high accuracy. However, it is clear that the boundary layer growth rate increases from the Blasius rate at the leading edge to a rate as much as 10 to 12 times the Blasius rate near the trailing edge of the R(O.5) blade. The vortices appear to behave differently on the two blades. On the R(l) blade, the development rate increases rapidly from the leading edge to x/R -0.3 where a constant rate of between 1.2 and 2 times the Blasius rate is maintained to the trailing edge. The vortices are much stronger on the R(0.5) blade and the boundary layer growth is therefore much higher and continues to increase along the full length of the blade. 
FIG. 9 BOUNDARY LAYER GROWTH RATE VARIATION ALONG THE BLADE
An important parameter in determining the strength of the Gortler vortices is the Gortler number G 0 = Re 0 (a/R) 1/2 , which represents the ratio of centrifugal to viscous forces in the boundary layer. Figure 10 shows clearly that the Gortler number increases with chordwise distance. However, there is an increase by a factor of about 4 in the Gortler numbers found on the R(O.5) blade when compared with the R(l) blade. As the R(O.5) is geometrically scaled from the R(l) blade, it is clear that there must exist a fur ther dimensionless parameter which varies significantly between the two blades. The vortex spacing s appears to be independent of blade curvature and therefore a suitable dimensionless group might be s/R. Further experimental work is required before any conclusion concerning the possible role of this parameter in Gortler vortex development can be made. START OF TRANSITION Figure 11 shows the wide variation in Re 0 at start of transition. The increase in Re 0 with increasing x/R is due to the increasing stability of the boundary layer profile brought about by the Gortler vortices. It is clearly impossible to quote a single value of Re 0 for each turbulence level as is the case on a flat plate. The reason for this variation in Re 0 is the variation in the profile shape due to the distortion brought about by the Gortler vortices. On a flat plate in a zero pressure gradient, the profile shape is unique and so the boundary layer parameters Re 0 , Re x , Cf , Re d* and Re d all have fixed relationships with one another. Transition on a concave surface does not enjoy such simplicity.
The onset of transition is known to commence with the appearance of turbulent spots in a region close to the wall. Therefore, it may be assumed that it is the profile in the inner region which is primarily responsible for the start of transition. With this in mind, it can be assumed that the outer part of the boundary layer, that is for y > 8 mm in Figure 6 , is equivalent to a weak shear layer which will not significantly affect transition. If values of Re 0 are determined, assuming this outer part of the boundary layer is part of the free stream, Figure 12 results. It should be noted that this procedure has a fairly small effect on the R(l) blade results where the outer region and its momentum deficit is small. In contrast on the R(O.5) blade, the momentum deficit of the outer region is ten times that of the inner region in some cases were particularly stable on the R(l) blade due to their alignment with the turbulence grid. This supports the evidence of transition being promoted on the R(0.5) blade by vortex breakdown, but also suggests that because the stability of the Gortler vortices is influenced by the spacing of the turbulence grid, transition will also be dependent on grid spacing. For this reason a simple relationship, which does not account for this effect of grid spacing, can not accurately predict start of transition. However, the current results would suggest that a suitable modification to the Abu-Ghannam and Shaw flat plate correlation would involve the Gortler number G 0 based on the full boundary layer profile.
END OF TRANSITION
No attempt has been made to correlate the end of transition results of Figure 12 , however, a few generalisations can be made. The transition length must be considerably shorter than that for a flat plate, given by Abu-Ghannam and Shaw, namely
This is because the Gortler number will continue to increase after start of transition and it is clear from Figure 12 that the end of transition Reeinner decreases with an increase in G. It is also apparent that the prediction of the transition length is not of paramount importance in heat transfer calculations on strongly concave surfaces, as the change in C f is very small. In fact, there is some evidence to suggest that C f may actually be reduced marginally during transition as the structure of the Gortler vortex structure is weakened. CONCLUSIONS 1. Boundary layers on strongly concave surfaces are determined by the effects of Gortler vortices. These vortices dramatically increase the growth rate of the boundary layer and produce a highly distorted profile.
2. Spanwise variation in boundary layer thickness is limited to a ratio of about 2:1, which occurs at a distance of about x/R = 0.5 along the blade and Gortler numbers of about 5 to 10. Further increase in x/R and Gortler number leads to meandering of the vortices and spanwise mixing which causes the disappearance of spanwise variations beyond about x/R = 0.8. although it is clear that substantial variations can occur in this value due to the effects of turbulence grid spacing on Gortler vortex stability.
The values of Re
